This paper reports the most recent measurements of the cross sections for the two main production modes of single top quarks in pp collisions at a center-of-mass energy of 1.96 TeV in the Run II data collected with the CDF and D0 detector at the Fermilab Tevatron Collider. For this measurement the full data set corresponding to an integrated luminosity of up to 9.7 fb −1 per experiment is used. We report the first observation of single top quark production in the s-channel with a significance of 6.3 standard deviations. We also present a simultaneous measurement of the production cross section of t-and s + t-channels. Using these measurements we set a lower limit on the CKM matrix element |V tb | > 0.92 at 95% C.L., assuming m t = 172.5 GeV. Moreover, we present a search for charged massive resonances decaying to top (t) and bottom (b) quarks performed at CDF in the same data set. No significant excess above the standard model (SM) background prediction is observed and constraints on the W → tb mass and couplings in the 300 to 900 GeV/c 2 range are set.
Introduction
The top quark was observed at the Tevatron by CDF [1] and D0 [2] in 1995 in tt pairs produced via strong interaction that is the top quark primary production mode. The Standard Model (SM) predicts top quark to be produced also singly via electroweak interaction (single top, ST) with three different production processes ( Fig.1 ): t-channel with the exchange of a virtual W boson, s-channel with the W boson decaying into a top and an antibottom quarks and the Wt-channel with the associate production of a W boson and a top quark. While the first two production modes have a small but measurable cross section at Tevatron (around 2 pb and 1 pb, respectively) the Wt production mode has a cross section of 0.25 pb, that makes its contribution to the signal rate negligible [3] .
Single top quark was first observed in 2009 by CDF [4] and D0 [5] experiments with an inclusive search in s + t combined channels. The measurement in each single channel is done differently at the Tevatron and LHC, taking in account the differences in the production cross sections. The t-channel is the dominant process at both the Tevatron and LHC and it has been observed by D0 in 2011 [6] and then established by ATLAS [7] and CMS [8] . The Wt-channel is visible only at the LHC and it has been observed by CMS collaboration at 8 TeV [9] . The s-channel has a relatively small cross section at both Tevatron and LHC but at LHC the signal to background ratio is smaller, that gives an advantage for the observation to the Tevatron experiments.
The single top quark cross section measurement is proportional to |V tb | 2 , where |V tb | is element of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. A direct measurement of |V tb | is therefore possible, that is also a test of the unitarity of the CKM matrix and it can constrain extensions of the SM, for example with fourth quark generation [10] .
Several extension of the SM predicts the existence of massive, short-lived states decaying to pairs of SM leptons or quarks. Such a resonance decaying to a top (t) and a bottom (b) quark, shares the same final state as the single-top quark production. Recent searches in the W → tb channel have been performed by the CDF [11] and D0 [12] collaborations as well as by ATLAS [13] and CMS [14] . In the mass region well below 1 TeV the Tevatron experiments have greater sensitivity due to the relative suppression of gluon-initiated backgrounds compared to the quark-initiated signals.
Selection of Single Top Quark Events
The SM predicts the top quark to decay almost always into a real W boson and a b quark. The 2
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Tevatron combined single top production cross sections Manfredi Ronzani further decay of the W boson selects the final state. Both CDF and D0 use lepton+jets final state selection requiring the presence of an high-p T isolated lepton (electron or muon), large missing transverse energy ( E T ) and 2 or 3 jets, at least one of them identified as coming from a b quark (1 or 2 b-tags). At CDF, the E T +jets final state selection is also investigated. In the E T +jets selection the products from the decay of the W boson are not reconstructed or they contain τ leptons which decay hadronically. This selection is orthogonal to the lepton+jets one and adds approximately 33% of acceptance. Different background processes are considered: events with a W boson produced with one or more heavy flavor jets (W+HF) or with light-flavor jets that are mistagged as coming from a b quark (W+LF), events from diboson processes (WW,ZZ,WZ), events with a Z boson and jets, tt pair production and multijets (non-W) events where a W boson is falsely reconstructed. All the background processes (except multijets) and the single top signal events are modeled using various MC event generators. Single top signals are modeled for a top quark mass of m t = 172.5 GeV/c 2 using POWHEG (CDF) [16] or COMPHEP (D0 ) [15] . The multijet background is modeled using data. Different multivariate analysis methods (MVA) and combination of different MVAs are used to extract the signal from the background.
3. CDF and D0 Single Top production cross-section measurements The D0 single top analysis is performed in the combined s + t sample using events selected in the lepton+jets final state. The tagging algorithm is based on a multivariate technique [17] . Three multivariate methods are used: matrix element (ME), Bayesian Neural Network (BNN) and boosted decision tree (BDT). The correlation among the output of the individual MVA methods is measured to be around 75%. A final BNN is built in order to construct combined discriminants for t-and s-channel signals (D comb t and D comb s ), shown in Fig.2(a) and Fig.2(b) , respectively. The inclusive s + t single top cross section as well as the t-and s-channel individual cross section are extracted using a Bayesian approach. With no assumptions on the relative t-and s-channel contributions, the total single top cross section is measured to be σ s+t = 4.11
+0.59
−0.55 pb [19] . The measured cross section is σ s = 1.10 +0.33 −0.31 pb, corresponding to a significance of 3.7 standard deviations [19] . 
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CDF Single Top cross section measurements
The CDF strategy has been oriented to perform different analyses for the inclusive s + t and s-channel cross section measurement which have been fully investigated in the lepton+jets and E T +jets final states.
The lepton+jets analysis in the s + t inclusive channel is performed in 7.5 fb −1 of integrated luminosity. The analysis builds 4 independent signal regions (SRs) depending from the jet multiplicity (2 or 3) and the number of b-tags (1 or 2). A Neural Network (NN) discriminant (Fig. 3(a) ) is built from a number of kinematic variables with good discriminating power [20] . The t-and Wt-channels are combined as they share the same final state topology. The total single top cross section value is measured to be σ s+t+Wt = 3.04 +0.57 −0.53 pb for a top quark mass of m t = 172.5 GeV/c 2 . The E T +jets analysis in the s + t inclusive channel is performed in 9.5 fb −1 of CDF integrated luminosity [21] . A signal NN sig s+t ( Fig. 3(b) ) is used to separate both s-ant t-channel signal processes from the background [21] . The results of the two CDF s + t analyses (lepton+jets and E T +jets) are combined. The combined σ s+t measurement results in a single top quark production cross section of σ s+t = 3.02
+0.49
−0.48 pb, consistent with the SM prediction [21] . Analyses optimized for the s-channel search have been performed using the full CDF dataset (up to 9.5 fb −1 ) [22] . The lepton+jets analysis forms an NN-discriminant to separate the signal and employ a binned-likelihood technique to extract the ST s-channel cross section from the NN output distribution. In the E T +jets analysis the events are classified in the 2-3 jets region with different tagging category (T,TT,TL). The two CDF analyses are combined by taking the products of the likelihood and simultaneously varying the correlated uncertainties. A combined s-channel cross section of σ s = 1.36 +0.37 −0.32 pb is measured, corresponding to a signal significance of 4.2 stardard deviations [22] . ment of the single top quark cross section is performed using a maximum posterior density fit to the binned NN output distributions of the statistically independent bins. We assume a uniform prior probability density for all non-negative values of the cross section and integrate the posterior probability density over the parameters of effects associated with all sources of systematic uncertainties, parametrized using Gaussian prior-density distributions truncated to avoid negative probabilities.
We measure the total cross section of single top quark production s+t+Wt , assuming the SM ratio among the s-channel, t-channel, and Wt production rates. From the posterior probability density calculated using the NN output distributions, we extract a cross section of s+t+Wt = 3.04 +0.57 0.53 pb, assuming a top quark mass of 172.5 GeV/c 2 . To extract |Vtb|, we use the direct proportionality between the production cross section s+t+Wt and |Vtb| 2 [35] . We take the constant of proportionality to be the ratio between the SM prediction for the cross section 3.40 ± 0.36 pb [3] [4] [5] channel production and t-channel + Wt production separately, we assume a uniform prior-probability density distribution in the two-dimensional plane ( s, t+Wt ) and determine the cross sections that maximize the posteriorprobability density distribution. The t-channel and Wt processes are combined as they share the same finalstate topology. We study the sensitivity of the resulting fit to the relative contribution of the t-channel and Wt processes (where the Wt contribution is taken to be approximately 10%) and find it to be negligible. The best-fit cross sections correspond to s = 1.81
0.58 pb and t+Wt = 1.66 +0.53 0.47 pb, with a correlation factor of -24.3%. The uncertainties on these measurements are correlated because signal events from both the schannel and the t-channel + Wt processes populate the signal-like bins of each of our discriminant variables. Regions of 68.3%, 95.5%, and 99.7% credibility are derived by evaluating the smallest region of area that contains the corresponding fractional integrals of the posteriorprobability density distribution. The best-fit values, the credibility regions, and the SM predictions are shown in Fig. 3 . These measurements are fully compatible with the SM predictions of s = 1.06 ± 0.06 pb and t+Wt = 2.34 ± 0.30 pb [3] [4] [5] .
In conclusion, we study single top quark production in the W + jets final state using pp collision data collected by the CDF experiment, corresponding to 7.5 fb 1 of integrated luminosity. We measure a single top quark ackground. A series of multivariate disake advantage of nontrivial variable corfore employed to optimize the suppresround and to separate the signal from ckgrounds. For each of the multivarithe signal sample and MJ-modeled events that satisfy the requirement on NN QCD , for the background sample. The second discriminant, NN tt , is trained to separate tchannel single top quark from tt production, again using simulated t-channel single top quark events for the signal 3.5 [6, 52] FCNC [51] Four gen. [6] Top-flavor [6] Top pion Measurement [9, 12] [6] , and a model with flavor-changing neutral currents with a 0.036 coupling κu/Λ between up-quark top-quark and gluon [6, 52] .
ties [17, 22] . Figure 2 also shows several beyond the SM (BSM) mo the individual [21, 22] and combin surements of the t-and s + t-chan cluding previous measurements of t and combined [26] [25] CDF [22] D0 [26] Tevatron [21] CDF [22] 
D0
[this paper] Tevatron [21] CDF [22] The SM single-top-quark produ approximately proportional to the matrix element Vtb, thus providing a directly without any assumption on families or the unitarity of the CK extract |Vtb| assuming that top qua to W b final states.
We start with the multivariate d and t channels for each experiment posterior probability density for |V form prior probability distribution Additionally, the uncertainties on t the s-and t-channel cross sections [ The resulting posterior probability is presented in Fig. 4 . We obtain we restrict the prior to the SM regi limit of |Vtb| > 0.92 at the 95% C.L In summary, using pp collision sa to an integrated luminosity of up t (c) Figure 3 : CDF lepton+jets (a) and E T + jets (b) final discriminants for the s + t inclusive channel. Posterior density as a function of the t-and s-channel single top cross section for the Tevatron s + t combination (c).
Tevatron Single Top Combinations

Single Top s-channel observation at Tevatron
The Tevatron s-channel combination is performed using as inputs the CDF lepton+jets (Fig. 4(a) ) and E T +jets (Fig. 4(b) )final discriminants and the D0 discriminant ( Fig. 2(a) ). The combina-
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Tevatron combined single top production cross sections Manfredi Ronzani s that the predicted background and its une larger than the expected signal. By uss with different distributions for signal and s, we improve signal purity in some regions ributions. The invariant mass distribution of andidates, shown in Fig. 1 , is the most powdiscriminating variable. 
the following variables: invariant mass of the top-quark candidate, M ℓνj ; invariant mass of all signal final-state particles, M ℓνjj ; transverse momentum of the charged lepton, p ℓ T ; invariant mass of the two jets, M jj ; angle between the charged-lepton momentum and the momentum of the jet from the top-quark decay in the top-quark rest frame, cos θ ℓj ; scalar sum of transverse energy of the two jets, the charged lepton, and the neutrino, H T ; transverse mass of the top-quark candidate, M ℓνj T , defined to be the invariant mass calculated using the projections of the three-momentum components in the plane perpendicular to the beam axis; and output value of the neural network that determines the b jet most likely to originate from the top-quark decay. We optimize the neural networks separately for each tagging category and for different lepton categories using different input variables. The variable M ℓνj T is used only for extended muon events, and the output value of the b-jet-selector neural network only for the central-lepton events. In the neural network training, the background samples consist of all backgrounds predicted by simulation, and the fractional yields among background samples are set as predicted by the background model.
We use the pretag sample to check the modeling of each input variable. We investigate the neural-network output in the b-tagged signal region only after ensuring that all variables are well modeled in the control sample. The distributions of neural-network output are shown in Fig. 1 , with categories having similar signal purities combined.
We employ a binned-likelihood technique to extract the single-top-quark s-channel cross section from the neural-network-output distribution. We assume a uniform prior probability density for all non-negative values of the cross section and integrate the posterior probability density over the parameters of effects associated with all sources of systematic uncertainties, parametrized using Gaussian priors truncated to avoid negative probabilities.
We include the rate uncer-
re straightforward training of the NN V jets .
tt , is trained to separate s-channel single tt production using simulation for both he final discriminant, the NN sig , is defined ure-weighted sum of the NN V jets and NN tt es. Figure 2 shows the predicted and obf the NN sig output variable for each of the mples.
ber of predicted and observed two-jet events and TT subsamples. The uncertainties on umbers of events are due to the theoreticalcertainties and the uncertainties on signal modeling. Both the uncertainties and the e those obtained from the fit to the data which theoretical constraints. ber of predicted and observed three-jet events and TT subsamples. The uncertainties on umbers of events are due to the theoreticalcertainties and the uncertainties on signal modeling. Both the uncertainties and the e those obtained from the fit to the data which theoretical constraints. y 1T TL TT top 82.2 ± 15.8 7.5 ± 1.5 6.8 ± 1.3 597 ± 60 118 ± 13 110 ± 10 n 108 ± 2 15.7 ± 0.4 8.8 ± 0.3 6.0 ± 0.7 1.9 ± 0.2 2.2 ± 0.2 s 1610 ± 505 165 ± 51 50 ± 16 1818 ± 49 188 ± 15 55.9 ± 7.6 45.7 ± 25. The modeling of SM backgrounds is tested in several control samples. A first (EWK) control sample is defined containing events with at least one charged lepton that otherwise satisfy the selection criteria. This sample is independent from the signal sample and is sensitive primarily to top-quark pair, V+jets, and, to a lesser extent, VV production. A second (QCD) control sample contains events that do not meet the minimal requirement on the NN QCD output variable but otherwise satisfy the selection criteria. This event sample, dominated by MJ production, is used to validate the data-driven MJ background model and obtain scale factors, ranging from 0.7 to 0.9, for normalizing modeled contributions to the TT, TL, and 1T event subsamples. Comparisons of modeled and observed distributions for multiple kinematic variables, including those used as inputs to the NN QCD , NN V jets , and NN tt , are used to validate the accuracy of the model.
To measure the signal contribution, the sum of modeled contributions is fitted to the observed data as a function of the final discriminant variable, NN sig , accounting for statistical and systematic uncertainties. The dominant systematic uncertainties arise from the normalization of the V-plus-heavy-flavor background contributions (30%), di↵erences in b-tagging e ciencies between data and sim- tion measures a cross section for the s-channel production of σ s = 1.29
−0.24 pb . The measurement corresponds to a significance of 6.3 standard deviations, reporting the first observation of the single top s-channel production (which is also the first observation made through a Tevatron combination) [23] .
Tevatron s + t Combination
A combination of the CDF and D0 measurements has been recently performed using a total integrated luminosity of up to 9.7 fb −1 . The combination utilizes the s-and t-channel discriminants from CDF and DØ single top quark measurements and forms a binned likelihood as a product of all analysis channels in the bins of the multivariate discriminants. The most probable value for the combined t-channel cross section is σ t = 2.25
+0.29
−0.31 pb. The combined s + t cross section is measured without assuming the SM ratio of σ s /σ t to be σ s+t = 3.30 +0.52 −0.40 pb. The extracted 2D posterior probability distribution as a function of σ t and σ s is in Fig.3(c) . The CKM matrix element |V tb | is also directly extracted from the single top cross section measurement without any assumption on the number of quark families or the unitarity of the CKM matrix. The obtained value is |V tb | = 1.02 +0.06 −0.05 and a limit of |V tb | > 0.92 at 95% C.L. is extracted [24] .
Search for W bosons decaying to top and bottom quarks with CDF experiment
Resonances described in Section 1 result in one or more massive charged vector bosons, generically denoted as W . A novel search for charged massive resonances decaying to tb quark pair has been recently performed using 9.5 fb −1 of CDF data [25] . The search is conducted with E T -based trigger requiring or not presence of a charged lepton in final state. The majority of the background at this stage is QCD production of multijet events which is rejected using a dedicated Neural Network (NN QCD ). Events are then classified with respect to the number of jets and the number of b-tags and a final NN-discriminant (NN sig ) is used to improve the expected sensitivity in each analysis subsample. A binned likelihood fit is performed over the bins of the NN sig distribution to probe a W → tb signal in the presence of SM backgrounds. A left-right symmetric BSM model with W bosons of unknown mass and SM weak-coupling to fermions is used as a benchmark model [26] .
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Tevatron combined single top production cross sections than approximately 600 GeV/c 2 , this search yields the most constraining limits to date on narrow tb-resonance production.
We 
